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ABSTRACT
In current stellar evolutionary models, the occurrence of pair instability supernovae implies the lack
of stellar black holes (BHs) with masses between about [60, 120] M, resulting in the presence of an
upper mass gap in the BH mass distribution. In this Letter, we develop a fiducial model describing
BHs beyond the pair instability gap, by convolving the initial mass function and star formation rate
with the metallicity evolution across cosmic time. Under the ansatz that the underlying physics
of binary formation does not change beyond the gap, we then construct the cosmic population of
merging BH binaries. The detection rate of BH binaries with both mass components above the gap,
is found to range between ' [0.4, 7] yr−1 for LIGO/Virgo at design sensitivity and [10, 460] yr−1 for
third-generation ground based detectors, considering the most pessimistic and optimistic scenarios.
LISA can detect individually these binaries up to thousands of years from coalescence. The number of
events merging in less than four years, which enable multi-band observation in sequence, is expected
in the range [1, 20]. While ET will detect all these events, LIGO/Virgo is expected to detect . 50%
of them. Finally, we estimate that the gravitational-wave background from unresolved sources in the
LISA band may be in principle detected with a signal-to-noise ratio between ' 2.5 and ' 80.
Keywords: binaries: close — black hole physics — gravitational waves
1. INTRODUCTION
During the first and second observing runs, the LIGO-
Virgo scientific collaboration (Aasi et al. 2015; Acernese
et al. 2014) detected the gravitational wave (GW) sig-
nals from the coalescence of ten stellar black hole bina-
ries (BHBs) with individual masses between 7.7+2.2−2.6 and
50.6+16.6−10.2 M (Abbott et al. 2018). The observed events
can be reproduced by stellar population synthesis codes
(see e.g. Podsiadlowski et al. 2003; Postnov & Yungelson
2014; Dominik et al. 2015; Spera et al. 2015; Belczyn-
ski et al. 2016), in which a key role is played by the
metallicity evolution along the cosmic history. In fact, it
is widely accepted that low metallicity stars experience
negligible mass loss during their lifetime, due to their
weaker stellar wind, thus collapsing in heavy BH rem-
nants, consistent with those discovered by LIGO-Virgo
(Abbott et al. 2016a, 2017).
The occurrence of pulsational pair-instability super-
novae (PPISNe) and pair-instability supernovae (PISNe)
in massive, low metallicity stars (with Z . 0.002, Heger
& Woosley 2002; Woosley 2017; Yoshida et al. 2016;
Marchant et al. 2018) is expected to enhance the for-
mation of BHs in the mass range 30 . Mrem/M . 50,
leading to a pile up around ∼ 45 M (Stevenson et al.
2019). Current GW data indicate an excess of BHs in
the interval 30− 45 M (Abbott et al. 2018), that future
observations can confirm or challenge (Fishbach & Holz
2017; Talbot & Thrane 2018). Above ∼ 50 M, a cut-off
or edge is expected in the BH mass function, as PISNe
lead to the explosion of the star preventing the formation
of a massive BH remnant. However, stars with zero-age
main sequence (ZAMS) mass MZAMS & 260 M and ab-
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solute metallicities . 10−3 avoid disruption, as they de-
velop massive CO cores that directly collapse into a BH of
Mrem & 100 M (Woosley et al. 2002; Uchida et al. 2019).
Those systems have been invoked as viable seeds of su-
permassive BHs in the high redshift universe (Volonteri
2010), but have so far been ignored in population syn-
thesis models used to interpret LIGO-Virgo detections,
that customarily evolve stars only up to 100 − 150 M
(Belczynski et al. 2016; Mapelli et al. 2019; Neijssel et al.
2019). Conversely, several alternative mechanisms to
produce BHs above the PISNe cut-off have been proposed
(Gerosa & Berti 2017; Rodriguez et al. 2018; Gerosa &
Berti 2019; Spera et al. 2019; McKernan et al. 2019).
If BHs above the PISNe “upper-mass” gap do indeed
form, pair and coalesce in binaries, they could be poten-
tially detectable with the Laser Interferometer Space An-
tenna (LISA, Amaro-Seoane et al. 2017), or from third-
generation ground-based detectors such as the Einstein
Telescope (ET, Punturo et al. 2010). These binaries may
also contribute to the stochastic GW background (GWB)
between 0.5 mHz and 20 mHz, hampering observations
of individual sources close to the LISA bucket (Caprini
et al. 2019).
In this Letter, we develop a fiducial model to estimate
the merger rate of stellar BHBs across the mass spec-
trum and beyond the upper-mass gap. Assuming the
gap as a sharp cut-off at [60, 120] M, we distinguish
three sub-populations for the binaries: the ‘above-gap’
(‘below-gap’) binaries with both components above (be-
low) the upper (lower) edge of the mass gap and the
‘across-gap’ binaries with one component above and one
below the mass gap. The population of ‘below-gap’ bi-
naries is found to be consistent with previous studies
(e.g., Sesana 2016; Gerosa et al. 2019) and is not con-
sidered here. For the ‘across-gap’ and ‘above-gap’ sub-
populations, we report detection rates with ground and
space-based detectors and estimate their contribution to
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Figure 1. SFR and mean metallicity of the galaxy population
〈Z〉 (in units of solar metallicity Z = 0.0142) computed for the
models mSFR-mZ (blue lines) and sSFR-sZ (red lines) as function
of redshift. The dashed-dotted lines in the lower panel represent
the range of metallicity that SEVN can evolve. Stars with metal-
licity exceeding our range are treated as stars in the lowest/highest
metallicity bin.
the stochastic GWB in the LISA band.
2. MODEL
Our model builds on knowledge of the ‘below-gap’ BHB
population, extending it to BHB properties above the
PISNe gap.
We evolve single stars using the stellar evolution code
SEVN (Spera & Mapelli 2017, and reference therein).
The code includes up-to-date stellar winds, SN explosion
models, PISNe and PPISNe prescriptions, and provides
BH remnant masses as a function of the mass of the
progenitor stars and of the absolute metallicity, in the
range 2× 10−4 < Z < 2× 10−2.
We consider two main models for the star formation
rate (SFR) and the evolution of the mean metallicity
〈Z〉 of the galaxy population across cosmic history. The
first model takes both from Madau & Fragos (2017) and
is labelled as “mSFR-mZ”. The second model adopts the
SFR as in Strolger et al. (2004) and the metallicity for
the intergalactic medium reported in Madau & Dickinson
(2014), shifted to match Madau & Fragos (2017) metal-
licity at z = 0. This accounts for a possible rapid decline
of the metallicity between the present and redshfit z ' 4.
The model is labelled as “sSFR-sZ”. The SFR and mean
metallicity 〈Z〉 versus redshift are shown in Fig. 1 for
these two models. We also consider two additional inter-
mediate models, combining the SFRs and the metallicity
prescriptions, thus labelled “mSFR-sZ” and “sSFR-mZ”.
We assume a stellar initial mass function (IMF)
ξ(M?, α) ∝ M−α? between [8, 350] M, with α = 2.7 for
the SFR from Madau & Fragos 2017 and α = 2.35 for the
SFR from Strolger et al. 2004. The differential number
density formation rate of progenitor stars as a function
of cosmic time, mass and redshift as
d3n?
dtd logM? d logZ
=
f?(α)
〈m?(α)〉SFR(t)×p(logM?)×p(logZ).
(1)
Here f? and m? are defined by Equation (6) and (7) of
Marassi et al. (2011), SFR is the cosmic star formation
rate density at cosmic time t, and p(logM?), p(logZ) are
the probability densities of stellar mass and metallicity.
The former is directly proportional to the IMF, while
the latter is taken at each redshift to be a log-normal
distribution centred along either the “mZ” or “sZ” rela-
tions (as shown in Figure 1) with dispersion 0.5 dex. For
a given interval (∆ logM?, ∆ logZ), we evolve a single
star with SEVN to determine its BH final mass. In this
way, Equation (1) is mapped into the relic BH formation
rate density, d2n/(dtdM). The primary BH mass, M1,
of each BHB is drawn from this distribution.
To convert the formation rate of BHs into the merger
rate of BHBs we make two simple assumptions: i) all BHs
are in binaries with secondary BH drawn according to a
flat mass ratio q = M2/M1 < 1 distribution in the range
[0.1, 1]3, and ii) mergers occur at a time tm = t+τ where
the delay time τ is distributed according to p(τ) ∝ τ−1
between τmin = 50 Myr and τmax = tHubble (Dvorkin
et al. 2016), where tHubble is the Hubble time. The rate
density of merging BHBs is therefore given by:
d3n
dtm d logM1 dq
=
C
∫
t<tm
∫
d4n
dtdτ d logM1 dq
δ(tm − (t+ τ))dτdt.
(2)
The normalization constant C is set to ensure that the
intrinsic BHB merger rate in the local Universe is∫ 50M
5M
d logM1
∫
dq
d3n
dtm d logM1 dq
∣∣∣∣
z=0
= 50 Gpc−3 yr−1,
(3)
close to the best estimate provided by the LIGO-Virgo
O2 run. This a posteriori normalization is needed be-
cause of the very simplistic assumptions made above. We
checked, however, that both the resulting BHB merger
rate density as a function of redshift and the mass func-
tion of merging BHBs below the pair instability gap are
in good agreement with sophisticated population synthe-
sis models found in the literature (Spera et al. 2019, e.g.).
We are here interested in binaries with at least one BH
above the pair instability gap. We define their merger
rate as
R(zm) =
∫ ∞
120M
d logM1
∫
dq
d3n
dtm d logM1 dq
. (4)
Depending on q, the secondary can be either below or
above the mass gap, thus defining the sub-classes of
‘across-gap’ and ‘above-gap’ BHBs introduced above.
The number of detections per year is then computed as
Rdet =
∫
R(zm) 1
1 + zm
dVc
dzm
pdet dzm (5)
3 Binaries with M2 falling in the mass gap are discarded and the
remaining population re-normalized to match the total mass den-
sity of BHB produced is equal to
∫
d logM1M1[d2n/(dtd logM1)].
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where (1 + zm)
−1 = dtm/dtobsm accounts for the time
dilation between the source and the observer frames
and dVc/dzm is the differential comoving volume shell.
Finally, pdet represents the detection probability of a
random-oriented binary with a given M1, q and zm for a
threshold signal-to-noise ratio (S/N) (Abadie et al. 2010).
Although Equation (5) is appropriate for the detec-
tion rate of ground based interferometers, LISA will also
see persistent sources, caught several year before coales-
cence. The distribution of observed sources in the LISA
band is simply given by
dN
d logM1 dq dz d ln fgw
=
d3n
dtm d logM1 dq
dVc
dz
dtm
d ln fgw
,
(6)
where dtm/d ln fgw is given by the quadrupole approxi-
mation for circular orbit (Peters 1964) as
dtm
d ln fgw
=
5
96pi8/3
(
c3
GM
)5/3
(fgw(1 + z))
−8/3. (7)
Here,M = (M1M2)3/5/(M1+M2)1/5 is the source frame
chirp mass and fgw the observed GW frequency
4. For
each BHB population model, equation (6) is used to draw
10 Monte Carlo samples of the BHB distribution across
the frequency spectrum. Each sample is then taken to
represent the distribution of sources in the sky at the
start of the LISA mission.
All sources are then evolved forward in time assuming
GW-driven dynamics and their S/N in the detector is
evaluated as
(S/N)2 =
∫ |h˜(fgw,M1, q, z)|2
Sn(fgw)
dfgw, (8)
where h˜(fgw) is the Fourier transform of the GW strain
and Sn(fgw) is the power spectral density of the detec-
tor 5. Note that the integral in Eq. (8) is over the fre-
quency interval covered by the source over the obser-
vation time. For each value of M1, q and zm, we com-
pute the S/N randomizing over sky-position, polariza-
tion and inclination angles, and assuming non-spinning
BHs. For ground-based detectors, we compute the S/N
with the LALsuite (LIGO Scientific Collaboration 2018).
We model the inspiral-merger-ringdown signal with the
IMRPhenomD waveform (Husa et al. 2016; Khan et al.
2016). For O1/O2, we consider an event to be detectable
if S/N > 8, while for LIGO/Virgo at design sensitiv-
ity and ET we assume S/N > 12. Similarly, for LISA
we compute the S/N with the IMRPhenomC waveform
(Santamar´ıa et al. 2010) with S/N > 8. To estimate the
rates for multiband events, we consider only the events
detected in LISA and coalescing in less than 4 years.
4 We assume circular BHBs because several processes acting
during stellar evolution (e.g. tidal circularisation, common enve-
lope evolution, etc.) and long delay times are expected to produce
nearly circular BHB orbits.
5 For O2 LIGO sensitivity, we adopt the curve labelled as ’mid’
in Abbott et al. 2016b. We also consider Advanced LIGO (aLIGO,
Harry & LIGO Scientific Collaboration 2010), Advanced Virgo
(AdVirgo, Acernese et al. 2014) and Einstein Telescope (ET-D,
Hild et al. 2011). For LISA we adopt the curve described in Rob-
son et al. 2018.
We also consider a possible extended time mission of 10
years.
We compute the level of the stochastic GWB generated
by the inspiralling BHBs, at each frequency by summing
in quadrature the characteristic strains of all unresolved
sources, i.e. binaries with S/N < 8. Then, the signal
power S/Ngwb is evaluated following Thrane & Romano
(2013) and Sesana (2016)
(S/Ngwb)
2 = T
∫
γ(fgw)
h4c,gwb
f2gwSn(fgw)
2
dfgw (9)
where T = 4 yr is the LISA mission required lifetime,
h2c,gwb(fgw) = 2fgwSh(fgw) (being Sh(fgw) the power
spectral density of the signal), and γ(fgw) = 1 (see Fig. 4
in Thrane & Romano 2013). We estimate the strength
of the GWB through its GW energy density parameter
Ωgw(fgw) =
2
3
(
pifgwhc,gwb
H0
)2
, (10)
where H0 the Hubble’s constant.
3. POPULATIONS, RATES AND GW BACKGROUND
In Fig. 2 we show the number density of BHBs
formed per unit comoving volume versusM, for different
metallicities and sub-populations, and the corresponding
merger rate for models mSFR-mZ and sSFR-sZ. Given
the distribution of the mass ratio adopted, there is no
evident gap in the source-frame chirp mass, and the
‘across-gap’ and ‘above-gap’ sub-populations are the re-
sult of poor-metal stars with 〈Z〉 < 1.2 × 10−3. For the
‘below-gap’ sub-populations, the outcome of this analy-
sis is fairly consistent with that of Spera et al. (2019)
(see their Fig. D2). At 〈Z〉 > 8 × 10−3 our maximum
chirp mass is close to theirs, while at 〈Z〉 < 8 × 10−3,
we obtain larger chirp masses, in the range [40, 50] M.
This is expected due to the difference from single to bi-
nary evolution. However we note that M . 50 M have
been recovered in alternative population synthesis codes
(Chruslinska et al. 2018).
The comparison between the two models shown in
Fig. 2 highlights the impact of metallicity on the number
density of heavy BHBs. Model sSFR-sZ predicts a rapid
decline in the metallicity versus redshift and, as a conse-
quence, the ‘across-gap’ and ‘above-gap’ sub-populations
are one order of magnitude higher than in model mSFR-
mZ. This is also evident in the right panels showing
the merger rate density of the three sub-populations for
each model. Note that in both models, the ‘above-gap’
sub-population produces slightly more mergers than the
‘across-gap’ one, but the total merger rate is always heav-
ily dominated by the ‘below-gap’ systems. Mixed models
( mSFR-sZ and sSFR-mZ, not shown) give intermediate
results, as expected.
In Fig. 3 we show the overall properties of the events
observed by LISA with S/N > 8. The majority of the
events concentrates at z . 0.5 with the tail extending up
to z ≈ 1.5 in model sSFR-sZ. In addition, for both mod-
els, systems merging within the LISA lifetime (dashed
lines) are detected at slightly higher redshift. The source-
frame chirp mass distributions cluster around two peaks
that broadly correspond to the ‘across-gap’ (left peak)
and ‘above-gap’ (right peak) sub-populations. It is also
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Figure 2. Number density of BHBs formed per unit comoving volume (in units of Mpc−3) versus Mchirp for different values of the
metallicity (six left-most panels) and merger rate per comoving Gpc−3 versus redshift (two right-most panels). Left-most panels: binaries
are divided (from left to right) as ‘below-gap’ binaries, ‘across-gap’ binaries and ‘above-gap’ binaries. Right-most panels: the merger rate
density is broken down into the three BHB sub-populations: ‘below-gap’ (solid lines), ‘across-gap’ (dashed lined) and ‘above-gap’ (dotted
lined). Upper panels: model mSFR-mZ. Lower panels: model sSFR-sZ.
Models
Detection rates mSFR-mZ sSFR-sZ sSFR-mZ mSFR-sZ
‘across’ ‘above’ ‘across’ ‘above’ ‘across’ ‘above’ ‘across’ ‘above’
Rate O1/O2 (S/N > 8) [ yr−1] 0.001 0.001 0.001 0.03 0.005 0.007 0.003 0.005
Rate LIGO/Virgo design (S/N > 12) [ yr−1] 0.1 0.4 0.9 6.9 0.4 1.9 0.3 1.6
Rate ET (S/N > 12) [ yr−1] 7.6 10.4 212.8 458.5 61.7 116.3 39.8 68.2
Detected events in 4 yr
LISA events (S/N > 8) 0.2 1.3 2.9 42.5 0.6 12.9 0.3 8.6
LISA events (S/N > 8 & Tgw < 4 yr) < 0.1 0.8 0.5 19.3 < 0.1 5.8 < 0.1 4.6
LIGO/Virgo multiband events (S/N > 12) < 0.1 0.5 0.4 8.8 < 0.1 2.9 < 0.1 1.9
ET multiband events (S/N > 12) < 0.1 0.8 0.5 19.3 < 0.1 5.8 < 0.1 4.6
S/Ngwb background in LISA 2.66 81.46 18.9 14.76
Detected events in 10 yr
LISA events (S/N > 8) 0.6 6.2 6.2 152.1 1.9 33.0 1.7 27.0
LISA events (S/N > 8 & Tgw < 10 yr) 0.1 3.6 1.5 102.6 0.3 22.1 0.6 18.2
LIGO/Virgo multiband events (S/N > 12) 1 1.6 1.2 34.7 0.2 8.6 0.5 5.6
ET multiband events (S/N > 12) 0.1 3.6 1.5 102.6 0.3 22.1 0.6 18.2
S/Ngwb background in LISA 3.74 117.8 26.9 21.41
Table 1
Upper panel: Number of mergers detected per year by O1/O2, LIGO/Virgo at design sensitivity and ET for our four different models as
labelled in the text. Lower panel: Number of event over four years for LISA, number of events merging within four years to unable
multiband observation with LIGO/Virgo at design sensitivity and with ET in case of joint observations. Last row gives the SNR from the
stochastic GW background (summing ‘across-gap’ and ‘above-gap’ sub-populations) for the four models. For each model, left (right)
column refers to ‘across-gap’ (‘above-gap’) binaries.
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Figure 3. Differential number of events with LISA S/N > 8 as-
suming 4 years of observations and models mSFR-mZ (blue) and
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Figure 4. GW energy density parameter for the four explored
models as labelled. The dashed black curve represents the LISA
power-law sensitivity (PLS) curve adapted from (Caprini et al.
2019) assuming a threshold of S/Ngwb = 1.
evident that the event number in the ‘above-gap’ group is
nearly ×10 higher than the ‘across-gap’ one. This is sim-
ply because more massive and nearly equal-mass binaries
produce louder GW signal and can be seen further. Note
that, in these models, we do not expect any detected
‘across-gap’ binaries merging in 4 years. Most of the de-
tected sources have an initial fgw around ∼ 3× 10−3 Hz,
while only for model sSFR-sZ we can observe around
∼ O(1) sources down to 10−4 Hz. Obviously, merging
BHBs (dashed lines) peak at a slightly higher frequen-
cies with respect to persistent ones (solid lines) for both
models.
Fig. 4 shows the energy density of the stochastic GWB
– Ωgw, of Equation (10)– as a function of observed fre-
quency for all the considered models. Except for model
mSFR-mZ, the signal is strong enough to be separated
from the LISA detector noise. In the most optimistic
model, Ωgw is comparable to that inferred from the
‘below-gap’ BHB and neutron star binary populations
(e.g. Farmer & Phinney 2003; Sesana 2016), thus sig-
nificantly contributing to the family of unresolved LISA
astrophysical foregrounds.
Besides posing another compelling scientific case for
LISA, the population of ‘above-gap’ BHBs is also im-
portant for ground based detectors. This is quantified
in Tab. 1, summarizing all the relevant figures of this
study. The first three rows of the table report the merger
rates, computed according to Eq. (5) for LIGO/Virgo at
O2, design sensitivity and for ET. Current non detection
of ‘across-gap’ and ‘above-gap’ binaries during 01/02 is
consistent with our models. LIGO/Virgo at design sen-
sitivity can detect between ' 0.5 and ' 7 ‘above-gap’
events per year for the pessimistic and optimistic mod-
els, respectively. Intermediate models predict ≈ 2 events
per year. For ET, the rate increases by more than an or-
der of magnitude for all sub-populations, independently
of the model. The number of detected events range from
' [10, 460] yr−1. Due to the improved sensitivity, ET
would also be able to detect several ‘across-gap’ binaries
per year in all models.
For a 4 year LISA mission, the number of detected
‘above-gap’ events ranges between ' 1.5 and 43 for the
two limiting models. The number of events detected with
S/N > 8 and merging in the mission lifetime is reduced
but it’s still of order unity even in the pessimistic model.
In particular, the case sSFR-sZ predicts ' 20 events,
while the two intermediate models predict around ' 5
events. These sources are the best candidate for multi-
band detection. If LISA will join LIGO/Virgo, we ex-
pect to detect from ' 0.5 to ' 10 multiband binaries. If
ET will be operative instead, all the sources detected in
LISA will also be detected at later times by ET. If LISA
reaches the 10 years mission goal, the number of detected
events increase by a factor of & 3. This can be explained
considering that the increase in SNR from a longer time
mission goes as ∼ √10/4, which translates in almost a
factor of four in the accessible volume and, therefore, in
the number of sources, assuming a constant merger rate.
We also test the case for a flat mass ratio distribution
for q ∈ [0.5, 1], which seems to be favoured by current
LIGO-Virgo detections (Abbott et al. 2018). Under this
assumption, we lose the ‘across-gap’ sub-populations,
since across-gap systems would necessarily have q < 0.5,
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but we find a significant increase of ≈ 2 in the rate for
the ‘above-gap’ sub-population.
Finally, we run a Fisher Matrix code to estimate the
uncertainties in the parameter estimation of these pop-
ulations in the LISA band. The parameter estimation
is performed with an 8 post-Newtonian (8PN) frequency
domain waveform for circular precessing BHs (Klein et al.
2014). Due to the larger number of cycles in band and
to LISA orbital motion, we expect to be able to localize
multiband sources with a median precision of . 10 deg2
and determine single component redshifted masses to
better than 1% percent. The luminosity distance is de-
termined with a median uncertainty of . 30%, while the
spins would be essentially unresolved.
4. CONCLUSION
The existence of stellar BH above the pair instability
gap is an uncharted territory, as there are many uncer-
tainties on the formation and evolution of very massive
stars, on the gravitational collapse and nuclear energy
production, on binary formation in galactic fields and
dynamical systems. Any detection of BHBs belonging
to this population will be of capital importance in the
understanding of the extreme physics governing the evo-
lution of massive stars. In this Letter we performed a first
attempt to quantify the population of ‘above-gap’ BHBs
observable with current and future ground- and space-
based detectors. Our approach has remained agnostic,
as we work under the ansatz that ‘above-gap’ BHBs form
and evolve abiding the same physics governing the evo-
lution of ‘below-gap’ systems. In this sense, it can be
extended to alternative formation channels (e.g. dynam-
ical capture), so long as ‘above-gap’ BH remnants form
from the stellar IMF.
We find that prospects for discovering ‘above-gap’
BHBs are interesting, with several systems detectable
either from the ground or from space (see numbers in
Tab. 1). Moreover, ‘above-gap’ binaries are primary
candidates for multi-band detection, with up to O(100)
observable systems for a detector network featuring a 10
yr LISA mission plus 3G interferometers on the ground
(Kalogera et al. 2019).
Finally, we stress that numbers presented here are sub-
ject to large uncertainties, stemming from several pieces
of poorly known underlying physics, including the de-
tailed evolution of massive stars, the cosmic evolution of
stellar metallicity, the mass(ratio) distribution of binaries
and so on. We considered in this Letter a minimal set of
models, bracketing some of the critical uncertainties. An
extended study, exploring the whole parameter space is
ongoing and will be the subject of a future publication.
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